Boron-Doped Diamond Functionalization by an Electrografting/Alkyne-Azide Click Chemistry Sequence by Yeap, Weng Siang et al.
DOI: 10.1002/celc.201402068
Boron-Doped Diamond Functionalization by an
Electrografting/Alkyne–Azide Click Chemistry Sequence
Weng Siang Yeap,*[a] Mohammed Sharif Murib,[a] Wim Cuypers,[a] Xianjie Liu,[b]
Bart van Grinsven,[a, c] Marcel Ameloot,[d] Mats Fahlman,[b] Patrick Wagner,[a, e]
Wouter Maes,[a, e] and Ken Haenen*[a, e]
1. Introduction
Chemical vapor deposition (CVD) diamond has recently re-
ceived great interest, both in science and technology.[1] The
great amount of attention directed at this material can be at-
tributed to its outstanding properties such as its biocompati-
bility,[2] chemical inertness, hardness, and excellent thermal
conductivity.[3] Synthetic CVD diamond can be boron-doped
during its growth and it then shows p-type conductivity. In the
case of heavy B doping, that is, for concentrations above
about 31020 cm3, metal-like conductivity is observed.[4]
Boron-doped diamond shows a negligible rate of water elec-
trolysis over a wide potential range. Due to this wide potential
window, CVD diamond surfaces are regarded as appealing
electrodes.[5]
Another particular advantage of CVD diamond surfaces is
the fact that surface functionalization can be readily achieved.
Various strategies have been successfully applied to derivatize
diamond surfaces.[6] Well-known photochemical surface modifi-
cation by using vinyl derivatives is a promising method for
stable immobilization of molecular monolayers linked to the
diamond substrate by CC bonds.[7] The mechanism proposed
for such photochemical modification involves a photoemis-
sion-induced radical reaction, possibly enabled by the negative
electron affinity of hydrogen-terminated diamond surfaces.[8]
Even though this method is widely accepted, it requires long
reaction times and an inert atmosphere. Surface functionaliza-
tion through esterification on UV-ozone oxidized diamond, as
demonstrated by the group of Boukherroub and Szunerits,[9, 10]
allows molecules bearing carboxylic acid end groups to attach
onto diamond surfaces. It is, however, quite hard to achieve
a homogenous hydroxyl layer on the diamond surface, as UV-
ozone oxidation usually creates other oxygen functionalities as
well, such as carboxylic and carbonyl moieties.[11] One-step
functionalization of amine derivatives on diamond surfaces
was recently demonstrated by Agns et al.[12] This rapid new
grafting protocol is based on the high affinity of hydrogenated
diamond towards primary amines. However, as stated, this pro-
cedure is limited to the coupling of (bio)molecules bearing
a primary amine group. Several groups have also demonstrat-
ed the coupling of arenediazonium salts onto diamond surfa-
ces,[13] either by electrografting[14,15] or by spontaneous graft-
ing.[16] Electrografting is more attractive as it requires a shorter
reaction time.[15] In general, this potential-assisted method
offers several advantages: 1) Instantaneous surface modifica-
tion, generally requiring only a few seconds for the formation
of a saturated monolayer. 2) It does not require an inert atmos-
phere for an efficient reaction. 3) Easy control over the degree
of functionalization (i.e. surface coverage).[15] Electrografting on
diamond surfaces has already been demonstrated for a variety
A straightforward protocol for the covalent functionalization of
boron-doped diamond electrodes with either ferrocene or
single-stranded deoxyribonucleic acid (DNA) is reported. The
functionalization method is based on a combination of diazo-
nium salt electrografting and click chemistry. An azide-termi-
nated organic layer is first electrografted onto the diamond
surface by electrochemical reduction of 4-azidophenyldiazoni-
um chloride. The azidophenyl-modified surface then reacts rap-
idly and efficiently with molecules bearing a terminal alkyne
moiety by means of CuI-catalyzed alkyne–azide cycloaddition.
Covalent attachment of ferrocene moieties was analyzed by
X-ray photoelectron spectroscopy and cyclic voltammetry,
whereas impedance spectroscopy was applied for the charac-
terization of the immobilized DNA.
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of substituted aryl derivatives,[13] but not for azidophenyldiazo-
nium salts.
Recently, the search for more efficient and controlled strat-
egies for the functionalization of conductive surfaces, at the
molecular level, with biological,[17] redox-active,[18] or photo-
chemical sensitive molecules has become of central interest in
the development of molecular electronics,[19] energy conver-
sion systems,[20] and chemical or biological sensors.[21] It has,
however, been proven difficult to successfully realize the for-
mation of these materials due to their inherent structural and
functional properties.[22] Moreover, most coupling methods are
hampered by difficulties in introducing the required reactive
groups, a lack of specificity, or a low yield.[23] Ligation strategies
can offer a solution by interacting with specific kinds of func-
tional groups. Click chemistry reactions can be seen as “the
most advanced examples”; they provide a set of powerful,
highly reliable, and selective reactions.[22] The copper(I)-cata-
lyzed alkyne–azide cycloaddition (CuAAC) reaction—1,2,3-tria-
zole formation through classical Huisgen 1,3-dipolar cycloaddi-
tion—is one of the most popular and renowned click reac-
tions.[24] This heterogeneous coupling strategy was found to
be fast, reproducible, with a minimum of side reactions, and
highly tolerant to diverse reaction conditions. Click reactions
have already been tested on various surfaces. For example,
Arnold and Locklin recently demonstrated the clicking of 5-azi-
dofluorescein to 4-(trimethylsilyl)ethynylstyrene polymer brush-
es that were grown on a silicon surface.[25] Grabosch et al. pre-
sented a “dual click” strategy for the fabrication of bioselective
glycosylated self-assembled monolayers as glycocalyx
models.[26] They showed that their click reaction provides
rather mild surface immobilization with excellent coupling
yields, versatility, regioselectivity, functional group tolerance,
and stability of the catalytic process in different solvents and
at different pH values.
In this work, we report on the modification of boron-doped
CVD-grown diamond electrodes by electrografting an azido-
phenyl layer onto the diamond surface through electrochemi-
cal reduction of the corresponding (in situ generated) 4-azido-
phenyldiazonium chloride salt, and subsequent chemoselective
CuAAC coupling of terminal alkyne-bearing molecules. The sur-
face coverage with reactive azide moieties was quantified elec-
trochemically through complementary coupling of a simple
redox-active probe, that is, ethynylferrocene. Finally, the utility
of the azide-functionalized diamond electrode for fast and effi-
cient covalent attachment of a single-stranded deoxyribonucle-
ic acid (ss-DNA) probe was demonstrated by reaction with an
alkyne-functionalized DNA probe. The resulting device and its
capability to work as a DNA-based sensor were evaluated by
impedance spectroscopy. Due to the highly chemoselective
nature of the alkyne–azide click reaction, azide-terminated
boron-doped diamond electrodes can be regarded as a generic
platform that provides reliable coverage for coupling with
a wide range of ethynyl-terminated species of interest for vari-
ous (sensing) applications.
2. Results and Discussion
2.1. Electrografting of Phenylazide Groups
As shown in Figure 1, 4-azidophenyldiazonium chloride is
formed in situ by diazotization upon adding hydrochloric acid
and sodium nitrite solutions to 4-azidoaniline.[14] Application of
a potential reduces the diazonium salt to a radical species.[15]
As the density and thickness of the functionalized layer
depend on the potential applied,[15,27] we analyzed the effect
of the potential on the formation of the 4-azidophenyl layer.
Commercially available freestanding electrochemical-grade
boron-doped microcrystalline CVD diamond plates from Ele-
ment Six (E6) and home-grown boron-doped nanocrystalline
diamond (NCD) thin films were used in this work. The latter
were grown on fused silica substrates, which make them un-
suitable for our impedance measurements later. As a result,
the former was chosen for the impedance measurements and
they are referred to as B:MCD (boron-doped microcrystalline
diamond). The in-house deposited material is denoted B:NCD
(boron-doped nanocrystalline diamond) in this article. Figure 2
Figure 1. Illustration of the multistep functionalization of boron-doped dia-
mond electrodes: i) diazotization; ii) electroreduction of the diazonium salt
for electrografting of phenylazide molecules; iii) CuI-catalyzed Huisgen 1,3-di-
polar cycloaddition between the immobilized phenylazide molecules and
ethynylferrocene; iv) CuI-catalyzed Huisgen 1,3-dipolar cycloaddition be-
tween the immobilized phenylazide molecules and ss-DNA; v) hybridization
with fluorescein-labeled (FAM) target DNA molecules.
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shows the cyclic voltammetry (CV) curves of three B:NCD sam-
ples that underwent electrografting. Each sample was subject-
ed to a different potential scan (cf. Table 1). The cyclic voltam-
mogram of diamond sample EG1 (Figure 2a) did not show any
peak that can be related to the electroreduction of the diazo-
nium salt, which indicates that the diamond sample was not
functionalized. Upon applying a more negative potential (up
to 0.8 V, sample EG2), a broad irreversible reduction peak ap-
peared during the first scan, which disappeared on the second
scan (as indicated by the arrow in Figure 2b). This reduction
peak can be related to the formation of radicals upon electro-
reduction of the diazonium salt.[14,15] The disappearance of the
reduction peak during the second scan (Figure 2b) is due to
the passivation of the diamond surface by the electrochemical-
ly grafted organic layer, which blocks access of the diazonium
cations to the electrode surface.[15]
If an even more negative potential (up to 1.2 V, sample
EG3) was applied, two reduction peaks clearly appeared (Fig-
ure 2c). Besides the broad irreversible reduction peak at
0.4 V, which indicates the presence of radicals, a smaller re-
duction peak appeared at around 0.9 V. Cycling to a more
negative potential leads to the formation of anions by further
reduction of the formed radicals.[15]
2.2. Clicking Ferrocene Groups to Phenylazide-
Functionalized B:NCD
4-Ethynylferrocene was chosen as a model molecule to couple
to the 4-azidophenyl-functionalized B:NCD with the intention
to confirm the presence of the phenylazide groups and to
demonstrate that the click reaction can effectively be per-
formed on this functionalized surface. The three different dia-
mond samples EG1–3 were all subjected to a CuAAC reaction
with ethynylferrocene in the presence of CuSO4·5H2O and l-as-
corbic acid (l-AA). The presence of the ferrocene groups after
the click reaction was probed by CV in a solution of 0.1m tetra-
butylammonium hexafluorophosphate (TBAPF6) in acetonitrile
(MeCN). As shown in Figure 3, ferrocene groups could be ob-
served for the EG2 (c) and EG3 (c) diamond samples,
with a redox peak E80.19 V versus Ag/AgNO3 and a peak
separation of DE=37 mV (for both samples). The bound ferro-
cene moieties show a similar redox potential to that of a ferro-
cene-modified crystalline silicon (E80.15 V vs. Ag/AgCl) elec-
trode.[28] It is known that the width of the current peaks de-
pends strongly on the distribution of the individual ferrocenes.
For identical and non-interacting ferrocenes, the ideal full
width at half-maximum (FWHM) is 90 mV.[29] The EG2 and EG3
samples show a FWHM of 125 and 127 mV, respectively. From
these values, we conclude that the ferrocene entities formed
Table 1. B:NCD samples and their sample codes.
Applied potential [V vs. Ag/AgCl] Sample code
+0.5 to 0.1 EG1
+0.5 to 0.8 EG2
+0.5 to 1.2 EG3
Figure 3. Cyclic voltammograms of diamond samples EG1 (c), EG 2
(c), and EG 3 (c) after click reaction with ethynylferrocene in TBAPF6
(0.1m in MeCN); scan rate 100 mVs1.
Figure 2. In situ electrochemical generation of 4-azidoaniline-derivatized aryl
diazonium salts onto hydrogenated B:NCD samples, showing first, second,
and tenth CV reduction cycles with applied potential between a)+0.5 and
0.1 V, b)+0.5 and 0.8 V, and c)+0.5 and 1.2 V at a scan rate of
100 mVs1.
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are not significantly aggregated and are subject to almost
identical redox conditions.[29]
The anodic–cathodic peak separation gives the first evidence
that the ferrocene groups are covalently bound onto the dia-
mond surface after the click reaction. As shown in Figure 4b,
the peak separation (DEp) for the EG2 sample is 37 mV at a po-
tential sweep rate of 100 mVs1, which is much smaller than
the peak separation for a diffusion-controlled one-electron re-
versible redox system (Figure 4a, 57 mV).[30] Results similar to
those obtained with a ferrocene-modified diamond electrode
prepared by a photochemical method were obtained.[31] The
electron-transfer mechanism for surface-bound redox-active
species depends on charge-transfer kinetics rather than diffu-
sion-controlled kinetics.[30]
Analysis of the change in peak currents as a function of scan
rate allows additional assessment of the fact that the ferrocene
groups are surface bound rather than physically adsorbed. Fig-
ure 5b shows that there is a linear relationship between either
the anodic or cathodic peak current and the scan rate (v),
which suggests a fast charge-transfer process of the bonded
ferrocene molecules with the electrode surface.[10,30,31] This
characteristic points to a surface-redox process controlled by
charge-transfer kinetics. A similar behavior was also observed
for ferrocenecarboxylic acid modified single-crystal Si(111) sur-
faces[28] and ferrocene-based alkanethiol layers on gold.[32]
The electrochemical stability of the ferrocene-functionalized
B:NCD sample (EG2) was examined by successive potential cy-
cling in TBAPF6 (0.1m in MeCN) from 0.1 to +0.5 V versus
Ag/AgNO3 with a potential sweep rate of 100 mVs
1. Figure 6
shows that the oxidation and reduction peaks are still clearly
visible after 200 scans. Only a small decrease in the height of
the anodic peak (26%) is observed. This indicates that
a strong covalent bond is formed between the ferrocene mole-
cules and the 4-azidophenyl-functionalized diamond surface.
The ferrocene coverage (G, moleculescm2) of the diamond
electrode was estimated from the charge of the CV anodic
peak, Q, by assuming a one-electron reaction with the use of
the following relationship [Eq. (1)]:
G ¼ QA
nFA
ð1Þ
in which n=1 is the number of electrons transferred during
the redox reaction, F is Faraday’s constant, and A is the area of
Figure 4. Cyclic voltammograms of a) ferrocene in TBAPF6 (0.1m in MeCN) at
a Pt disc electrode and b) a ferrocene-terminated B:NCD surface (EG2) in
TBAPF6 (0.1m in MeCN); scan rate 100 mVs
1.
Figure 5. a) Cyclic voltammograms of a ferrocene-functionalized B:NCD sur-
face in TBAPF6 (0.1m in MeCN) at scan rates of 50, 100, and 200 mVs
1.
b) Peak current as a function of scan rate for anodic (&) and cathodic (*)
peak currents.
Figure 6. Cyclic voltammograms of ferrocene-functionalized B:NCD (EG2)
showing the 1st scan (c), 50th scan (c), 100th scan (c), 150th scan
(c), and 200th scan (c) in TBAPF6 (0.1m in MeCN); scan rate 100 mVs1.
The anodic peak height shows a decrease of 26% after 200 scans.
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the exposed diamond electrode (=0.5 cm2). The ferrocene cov-
erage was determined to be 1.480.51014 molecules cm2
for the EG2 sample, which is comparable to the values report-
ed previously.[10,31] From this value and by comparison to the
value reported before,[30] we can conclude that a near to single
monolayer of ferrocene entities is formed.
Water contact angle measurements were conducted to iden-
tify the macroscopic changes in the wetting properties of the
diamond surface after each functionalization step. A hydrogen-
terminated diamond surface is hydrophobic with a water con-
tact angle of q=110.68. The water contact angle value de-
creased slightly to q=83.78 upon functionalization with the
4-azidophenyl layer. After clicking ferrocene groups to the phe-
nylazide groups, the contact angle dropped further to q=
73.98.
2.3. X-ray Photoelectron Spectroscopy (XPS)
XPS is a valuable tool to evaluate the changes in the surface
chemical composition and binding that have occurred during
surface derivatization. Figure 7 displays the XPS survey spec-
trum of a hydrogenated B:NCD surface. It shows a main peak
at 285 eV (C1s) from the bulk diamond and a small peak at
532 eV (O1s) due to the adsorption of oxygen on the surface.
After electrografting of the 4-azidophenyl groups, an addi-
tional small peak at around 400 eV was observed, in agree-
ment with the chemical composition of the attached molecule
(Figure 7). High-resolution XPS of the N1s region of the 4-azi-
dophenyl-functionalized B:NCD surface (Figure 8) showed
a broad peak centered at approximately 400 eV and a second
small peak centered at around 404 eV, which suggests the
presence of chemically different nitrogen atoms. The central ni-
trogen atom of the azide group, with a characteristic peak at
roughly 404 eV for the grafted electrode, has a low electron
density and thus a higher binding energy.[33] XPS is particularly
useful to monitor the click-chemistry process, as the intensity
of this peak is greatly reduced after this reaction step. After
clicking the ferrocene groups onto the 4-azidophenyl-function-
alized B:NCD surface, the peak at about 404 eV disappeared
almost completely and the peak at approximately 400 eV
broadened (Figure 8, c). This can be seen as evidence for
the transformation of the azide group into the 1,2,3-triazole
unit attached to the terminal ferrocene. In addition, a high-res-
olution XPS scan of the Fe2p region additionally demonstrated
the presence of the ferrocene moieties on the B:NCD surface
(Figure 9). The Fe2p3/2 and Fe2p1/2 peaks are observed at 707.7
and 720.6 eV, respectively. This indicates that the Fe moiety
exists mainly in its + III oxidation state, which is in agreement
with previously reported results on ferrocene groups anchored
onto diamond[10] and silicon surfaces.[28]
2.4. Clicking an Alkyne-Terminated DNA Probe onto
Phenylazide-functionalized B:MCD
The utility of the 4-azidophenyl-functionalized diamond elec-
trode for fast and efficient attachment of a ss-DNA probe was
demonstrated with the coupling of an alkynyl-derivatized ss-
DNA probe followed by hybridization of the target DNA mole-
cule (Figure 1). To avoid oxidative cleavage of the ss-DNA mol-
ecules by l-AA, the DNA click reaction was performed by using
CuBr and tris(benzyltriazolylmethyl)amine (TBTA) instead of
l-AA and CuSO4·5H2O.
[34] The ss-DNA probe was first immobi-
lized onto a 4-azidophenyl-functionalized B:MCD sample,
which was followed by hybridization with fully complementary
DNA. This hybridization process could be verified with confocal
microscopy, as the target DNA was labeled with 6-carboxy-
Figure 7. XPS spectra for i) hydrogenated B:NCD, ii) electrografted B:NCD,
and iii) electrografted B:NCD following click chemistry with ethynylferrocene.
Figure 8. High-resolution XPS spectra of the N1s region for electrografted
B:NCD (c) and electrografted B:NCD following click chemistry with
ethynylferrocene (c).
Figure 9. High-resolution XPS spectrum of the Fe2p region for the electro-
grafted B:NCD following click chemistry with ethynylferrocene.
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fluorescein (FAM). The B:MCD sample on which the immobili-
zation protocol was performed (as described above) showed
an intense fluorescence signal (Figure 10a). This confirms the
hybridization of the target DNA to the probe DNA attached by
the click reaction. The black bar in Figure 10b was induced by
photobleaching of the FAM fluorophore. In contrast, no hybrid-
ization was observed for the B:MCD sample without the phe-
nylazide layer (Figure 10c).
2.5. Impedance Spectroscopy of Phenylazide- and DNA-
Modified Diamond Surfaces
As the dynamics of electron transfer at the electrode interfaces
are strongly influenced by the nature of the electrode surface,
surface immobilization with (bio)molecules can significantly
alter the interfacial electron-transfer properties. Hence, the
4-azidophenyl-functionalized and DNA-modified diamond sur-
faces were evaluated by impedance spectroscopy.[35] The meas-
urements were performed with a miniaturized impedance
spectroscopy unit, as described before.[36] Figure 11 shows the
Cole–Cole plot for bare B:MCD and phenylazide-grafted
B:MCD. The admittance for the 4-azidophenyl-functionalized
B:MCD is lower than that for the blank B:MCD. This is what is
expected to be observed if an insulating organic molecular
layer is chemically bonded onto an electrode.[33]
Figure 12 shows the Cole–Cole plots for the DNA-modified
B:MCD sample in its different states in PBS (phosphate-buf-
fered saline) solution. The 4-azidophenyl-functionalized B:MCD
was modified first with ss-DNA by click chemistry and then an-
alyzed by impedance spectroscopy (c). After hybridization
with the target DNA, the impedance was measured again,
which resulted in an increase in the real and imaginary parts of
the admittance (Yreal and Yimaginary, c). The hybridization-in-
duced changes in Yreal and Yimaginary are quite apparent at fre-
quencies above 1 kHz. These results agree well with previous
findings showing that DNA molecules hybridizing at the inter-
face induce a field effect in the diamond space–charge layer,
and this lowers the impedance of the diamond.[35] Moreover,
DNA is more conductive in its double-stranded form (i.e. after
hybridization with a complementary sequence) than in its
single-stranded form.[37] Then, upon denaturing the DNA by in-
troducing 0.1m NaOH into the flow cell, a third Cole–Cole plot
was determined (c). The values of Yreal and Yimaginary moved
back toward their original positions. After denaturation, the im-
pedance did not completely reverse to its initial state. The lack
of this complete reversibility remains unclear, but it might be
due to the induced changes in the molecular layer by
NaOH.[35,38] To determine the selectivity of DNA hybridization,
the same ss-DNA-modified B:MCD sample was hybridized with
a noncomplementary target DNA sequence (see Table 2).
Figure 12 (c) clearly shows that the increase in the admit-
tance due to hybridization with noncomplementary DNA is
smaller than that observed upon hybridization with comple-
mentary DNA (c).[35]
3. Conclusions
We have presented a simple yet efficient method to covalently
attach functional organic molecules onto a boron-doped dia-
mond electrode surface through a combination of diazonium
electrografting and click chemistry. The functionalized diamond
electrode was studied by using CV, impedance spectroscopy,
Figure 10. Confocal fluorescence images of B:MCD samples: a) ss-DNA
probe clicked to phenylazide-functionalized B:MCD and hybridized with
FAM-tagged target DNA hybridized to the ss-DNA. b) The black bar in the
middle was induced by photobleaching of the FAM fluorophore. c) ss-DNA
probe treated with bare hydrogenated B:MCD under the same click reaction
conditions as for a).
Figure 11. Cole–Cole plots showing the real and imaginary parts of the ad-
mittance for a blank B:MCD electrode (c) and a phenylazide-functional-
ized B:MCD electrode (c).
Figure 12. Cole–Cole plots showing the real and imaginary parts of the ad-
mittance for the B:MCD electrode, click immobilized with a ss-DNA molecule
(c), then hybridized with its fully complementary (FM, c) and mis-
matched (MM, green line) DNA. After denaturation of the fully complemen-
tary DNA, the impedance signal falls back almost to its original position (FM
den, c).
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and XPS to confirm the modification steps. This work also
demonstrates, for the first time, the immobilization of DNA
molecules on a diamond surface by CuAAC chemistry. The
DNA-click-immobilized diamond electrode shows the possibili-
ty to be used as a DNA sensor. More in general, electrografted
azidophenyl-functionalized diamond electrodes can be applied
as a generic platform for coupling with a wide range of ethyn-
yl-terminated species for various applications.
Experimental Section
Chemicals and Reagents
Sodium nitrite, sodium acetate, 4-azidoaniline hydrochloride,
4-ethynylferrocene, tetrabutylammonium hexafluorophosphate
(TBAPF6), l-ascorbic acid (l-AA), and CuSO4·5H2O were used as re-
ceived from Sigma Aldrich. All these products were used at their
highest purity and without further purification. The DNA sample
was customized, synthesized, and purchased from Base Click
(Purity 95–98%). The kit used for clicking DNA on diamond was
also purchased from Base Click. The kit contained CuBr, tris(benzyl-
triazolylmethyl)amine (TBTA) ligand, and a solvent mixture of tert-
butyl alcohol (tBuOH) and dimethyl sulfoxide (DMSO) in 1:3 v/v%.
The solvents used for rinsing were of technical grade. Acetonitrile
(MeCN) used for the electrochemical work was of HPLC grade and
was freshly distilled with CaH2 prior to use. The water used for the
electrochemical work was type1 ultrapure water by Sartorius
stedim biotech.
Preparation of the Substrates
Commercially available freestanding electrochemical-grade boron-
doped microcrystalline CVD diamond plates from Element Six (E6)
with [B]1021 cm3[39] and home-grown boron-doped nanocrystal-
line diamond (NCD) thin films were used in this work. The latter
were grown on fused silica substrates, which made them unsuita-
ble for our impedance measurements. As a result, the former was
chosen for the impedance measurements, and they are denoted as
B:MCD. The in-house deposited material was denoted B:NCD in
this article. Sheet resistances (Rs), as measured by four-point probe
measurements for B:NCD and B:MCD, were 1.06 and 207 W sq1,
respectively. B:NCD films were grown by microwave plasma-en-
hanced chemical vapor deposition from methane/hydrogen mix-
tures (1% CH4) in an ASTeX 6500 reactor. The growth conditions
used were as follows: substrate temperature 700–900 8C, total gas
flow of 500 sccm1, total pressure in the reactor 30 Torr (4.0 kPa),
microwave power 3500 W. Trimethylborane gas was added during
the growth with a ratio of 10000 ppm B/C to ensure good electri-
cal conductivity.[4] On the basis of previous experiments,[40] this
ratio corresponds to a boron film concentration of 1021 cm3. Prior
to diamond growth, the fused silica substrates were cleaned for
15 min each in RCA1 (30% NH3+30% H2O2+H2O, 1:1:5) and
RCA2 (37% HCl+30% H2O2+H2O, 1:1:5) solutions at 90 8C. Follow-
ing this, the cleaned fused silica
substrates were seeded with nano-
diamond powder in water to im-
prove the nucleation density.[4]
After deposition, the diamond
samples were allowed to cool
down in the reactor for 30 min
under a hydrogen flow. To remove
any graphitic layers, the as-depos-
ited diamond films were boiled in
an acid mixture of 99% H2SO4+30% HNO3 (3:1) at 90 8C for
30 min. After rinsing and sonicating thoroughly with deionized
water, the samples were subjected to hydrogenation. Figure 13 dis-
plays the scanning electron microscopy (SEM) images of a typical
as-grown 150 nm B:NCD thin film and microcrystalline CVD dia-
mond plates from Element Six (E6).
Hydrogenation on all diamond samples was performed by using
the same plasma-enhanced microwave CVD reactor that was used
to grow the B:NCD. To create a hydrogen-terminated surface, all di-
amond samples were treated with hydrogen plasma under the fol-
lowing conditions: 1) 500 sccm1 of hydrogen flux, 30 Torr (4.0 kPa)
reactor pressure with a 3500 W microwave power for 2 min;
2) 500 sccm1 of hydrogen flux, 15 Torr (2.0 kPa) reactor pressure
with a 2500 W microwave power for 5 min. At the end of the
plasma treatment, the microwave power was switched off, and the
samples were allowed to cool down under hydrogen flux for
40 min. This hydrogenation step ensured full hydrogen termination
and also served to minimize dandling bonds.[41]
In Situ Generation of the Diazonium Salt
4-Azidoaniline (10 mg, 58.6 mmol) was used for the derivatization
of the hydrogen-terminated diamond samples. It was diazotized
with an equimolar amount of NaNO2 (4 mg, 58.6 mmol).
[13] It was
first dissolved in a N2-purged 0.5m HCl solution (9.5 mL). There-
after, 0.1m NaNO2 solution (0.5 mL) was added, bringing the final
concentration to 5 mm. This electrolytic solution was then used for
the electrografting procedure by means of CV.
Electrografting of the Phenylazide Groups
Functionalization of the diamond surface with 4-azidophenyl
groups by electrochemical reduction of the in situ generated di-
azonium salt was performed by CV.[14] The electrografting reactions
were performed with an Autolab PGSTAT30 potentiostat (Eco
Chemie B.V.) and were controlled by the GPES Manager program.
A one-compartment electrochemical cell was used with a three-
electrode configuration. The working electrode was a hydrogen-
Figure 13. Typical SEM images of a) B:NCD and b) B:MCD films.
Table 2. Base sequences of the probe and the corresponding full match and mismatch target DNA.
Name Sequence[a]
probe DNA 5’-alkyne-AAAAAAACCCCTGCAGCCCATGTATACCCCCGAACC-3’
full match (FM) 5’-FAM-GGTTCGGGGGTATACATGGGCTGCAGGGG-3’
mismatch BP 20 (MM) 5’-FAM-GGTTCGGGGCTATACATGGGCTGCAGGGG-3’
[a] A=adenine, C=cytosine, T= thymine, G=guanine.
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terminated diamond electrode. A platinum wire and Ag/AgCl/
KCl(sat) electrodes were used as the counter and reference electro-
des, respectively. All potentials are reported versus this reference
electrode at room temperature. Half of the diamond sample was
immersed in the reaction solution for larger area functionalization.
Optimization of the electrografting process was performed with
B:NCD. As outlined above, 5 mm of 4-azidoaniline was diazotized
with an equimolar amount of NaNO2 in a N2-purged HCl solution,
which was directly used for CV scanning with three different po-
tentials (+0.5 to 0.1 V vs. Ag/AgCl, +0.5 to 0.8 V vs. Ag/AgCl,
and +0.5 to 1.2 V vs. Ag/AgCl) at a scan rate of 100 mVs1 for
ten scans. After the modifications, the B:NCD samples were rinsed
with and sonicated in ultrapure water. Finally, these samples were
dried by means of a nitrogen flow. The samples are listed in
Table 1.
B:MCD was derivatized with phenylazide groups with a single fixed
potential (+0.5 to 0.8 V vs. Ag/AgCl).
Clicking Ferrocene Groups to Phenylazide-Functionalized
B:NCD
The 4-azidophenyl-functionalized B:NCD surface was treated with
ethynylferrocene through CuAAC chemistry. CuSO4·5H2O (1 mg,
4 mmol) and l-AA (1.5 mg, 8.5 mmol) were dissolved in ultrapure
water (7.5 mL), whereas ethynylferrocene (6 mg, 28.6 mmol) was
dissolved in isopropyl alcohol (7.5 mL). Next, these two solutions
were mixed, and the azide-terminated diamond sample was im-
mersed in the solution mixture. The reaction vessel containing the
diamond sample and the solution mixture was covered with alumi-
num foil to protect l-AA from light.[9] After the reaction, the dia-
mond sample was washed and sonicated with ultrapure water to
remove any unbound molecules, and it was then kept in a desicca-
tor under vacuum.
Clicking the Alkyne-Terminated ss-DNA Probe onto
Phenylazide-
Functionalized B:MCD
B:MCD was first modified with phenylazide groups and then the
custom-synthesized alkyne-modified ss-DNA probe (Base Click) was
covalently attached to it through a CuAAC reaction.[33] For this cou-
pling reaction, a special reaction kit for click reactions from Base-
click was used.[33] The click reaction was performed according to
the protocol provided with slight modifications. The ss-DNA probe
was first diluted with ultrapure water to make a 1 mm stock solu-
tion. The TBTA ligand (1 mg, 2 mmol) and CuBr (5 mg, 35 mmol)
were dissolved in the reaction solvent. The diluted ss-DNA probe,
the TBTA ligand, and CuBr were then mixed in a reaction vessel
and more reaction solvent was added until the final concentration
of ss-DNA, the TBTA ligand, and CuBr reached 10, 30, and 15 mm re-
spectively. An aliquot (20 mL) of this solution mixture was then pi-
petted onto the 4-azidophenyl-functionalized B:MCD surface, and
the reaction was continued for 12 h in the dark at room tempera-
ture. After the reaction, the diamond samples were rinsed and
washed thoroughly with the reaction solvent and ethanol. The ss-
DNA probe-functionalized diamond samples were kept at 4 8C in
PBS (phosphate-buffered saline, pH 7) if they were not in use.
Hybridization
Two different types of target DNA labeled with 6-carboxyfluores-
cein (FAM, Eurogentec) were used, a sequence complementary to
the probe ss-DNA and a sequence with a 1-base mismatch at base
pair 20 (Table 2). A 6 mL solution of DNA (100 pmolmL1) was
added to 14 mL of 1Polymerase Chain Reaction buffer (PCR-
buffer, diluted from 10PCR-buffer, Roche Diagnostics). This 20 mL
of DNA/PCR solution was then added to the probe DNA-functional-
ized diamond samples and incubated at 35 8C for 2 h. After the hy-
bridization, the samples were first washed with 2 saline–sodium
citrate (SSC)/0.5% sodium dodecyl sulfate (SDS) then with 0.2
SSC at 30 8C, thereafter with 0.2 SSC at room temperature, and fi-
nally with 1 PBS at room temperature.[37]
XPS
Photoemission experiments were performed by using a Scienta
ESCA 200 spectrometer in ultrahigh vacuum with a base pressure
of 11010 mbar. The measurement chamber was equipped with
a monochromatic AlKa X-ray source (1486.6 eV). The XPS experi-
mental conditions were set so that the full width at half maximum
of the clean Au4f7/2 line was 0.65 eV. All spectra were measured at
a photoelectron take-off angle of 08, that is, normal emission, and
at room temperature.
Water Contact Angle Measurements
A droplet of water (0.5 mL) was deposited onto the surface to be
studied. Contact angle measurements were performed with an
OCA 15 EC contact angle measuring instrument by Data Physics.
Electrochemical Measurements
CV was used for the analysis of the ferrocene moieties after the
click reaction. CV was performed with an Autolab PGSTAT30 poten-
tiostat (Eco Chemie B.V.) and controlled by the GPES Manager pro-
gram. All measurements were performed in a one-compartment
cell with three-electrode configuration. A sample with an area of
0.5 cm2 was immersed into the electrolyte solution or measure-
ment solution. The electrochemical measurements were performed
in freshly distilled acetonitrile (with CaH2). TBAPF6 was added as
a supporting electrolyte. The electrolytic solution was purged with
N2 gas for 5 min prior to the electrochemical measurements, which
eliminated trace amounts of oxygen in the CV experiments.
Impedance Spectroscopy
Impedance measurements were performed with a home-built two-
electrode miniaturized impedance spectroscopy unit.[35] A transpar-
ent Perspex flow cell with an inner volume of 110 mL was used to
exchange media. In this cell, the diamond sample acts as a working
electrode and a gold wire (diameter 500 mm) acts as a counter
electrode. The working electrode was pressed onto a copper lid by
using a silver paste. The copper lid serves as a back electrode as
well as a heat sink. All impedance spectroscopy experiments were
performed at the open-circuit potential with a 10 mV modulation,
in PBS solution (pH 7) without any added redox agents. Under
these conditions, no oxidation–reduction chemistry took place,
and the measurements only measured the intrinsic electrical prop-
erties of the interface. The full frequency spectrum of the impedi-
metrical data (100 Hz to 100 kHz) for DNA-modified diamond surfa-
ces can be simulated with a five-element circuit consisting of a re-
sistor, representing the bulk solution inside the flow cell, in series
with two complex resistors, one representing the molecular layer
and the other a space–charge region.[34] This circuit is shown in
Figure 14.
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Confocal Microscopy
Fluorescence images were taken with a Zeiss LSM 510 META Axio-
vert 200m laser scanning confocal fluorescence microscope.
To excite the FAM fluorescence dye, a 488 nm argon-ion laser was
used with a maximum intensity at the sample surface of 30 mW to
avoid bleaching during the image acquisition. The fluorescent in-
tensity was collected by using a long pass filter 505 nm. The fol-
lowing filter sets were used: MBS HFT 488 and DBS NFT 490. All
images were collected with a 10/0.3 Plan Neofluar air objective
with a working distance of 5.6 mm. The image size was 225
225 mm2. The pinhole size was 150 mm. The detector gain, which is
a measure of the photomultiplier voltage in arbitrary units, was set
to 950. The fluorescent intensity was analyzed by using ImageJ
software.[37]
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